Protein aggregation is a hallmark of neurodegenerative disease and is hypothesized to cause neuron death. Despite extensive study of disease-associated aggregating proteins, mechanisms of neuron death remain a mystery, and no cures or effective treatments yet exist. Here, we demonstrate the toxicity of a small aggregate of the Cu,Zn superoxide dismutase (SOD1) protein, associated with amyotrophic lateral sclerosis (ALS). We present an experimentally verified structural model of this toxic species and show that SOD1 mutants designed to promote formation of this aggregate increase cell death, providing a direct link between aggregate presence and neuron death. Knowledge of toxic species and the ability to manipulate their formation provides a valuable direction for pursuit of therapeutic strategies in ALS.
Significance
Protein aggregation is a hallmark of neurodegenerative disease and is hypothesized to cause neuron death. Despite extensive study of disease-associated aggregating proteins, mechanisms of neuron death remain a mystery, and no cures or effective treatments yet exist. Here, we demonstrate the toxicity of a small aggregate of the Cu,Zn superoxide dismutase (SOD1) protein, associated with amyotrophic lateral sclerosis (ALS). We present an experimentally verified structural model of this toxic species and show that SOD1 mutants designed to promote formation of this aggregate increase cell death, providing a direct link between aggregate presence and neuron death. Knowledge of toxic species and the ability to manipulate their formation provides a valuable direction for pursuit of therapeutic strategies in ALS.
Abstract
Since the linking of mutations in the Cu,Zn superoxide dismutase gene (sod1) to amyotrophic lateral sclerosis (ALS) in 1993, researchers have sought the connection between SOD1 and motor neuron death. Disease-linked mutations tend to destabilize the native dimeric structure of SOD1, and plaques containing misfolded and aggregated SOD1 have been found in the motor neurons of patients with ALS. Despite advances in understanding of ALS disease progression and SOD1 folding and stability, cytotoxic species and mechanisms remain unknown, greatly impeding the search for and design of therapeutic interventions. Here, we definitively link cytotoxicity associated with SOD1 aggregation in ALS to a nonnative trimeric SOD1 species. We develop methodology for the incorporation of low-resolution experimental data into simulations toward the structural modeling of metastable, multidomain aggregation intermediates. We apply this methodology to derive the structure of a SOD1 trimer, which we validate in vitro and in hybridized motor neurons. We show that SOD1 mutants designed to promote trimerization increase cell death. Further, we demonstrate that the cytotoxicity of the designed mutants correlates with trimer stability, providing a direct link between the presence of misfolded oligomers and neuron death. Identification of cytotoxic species is the first and critical step in elucidating the molecular etiology of ALS, and the ability to manipulate formation of these species will provide an avenue for the development of future therapeutic strategies. 
